By using LAMMPS of the open source software, the micro-structures of Al 30 Co 10 alloys were studied. Based on the average atomic volume, pair distribution function and bond-angle distribution functions, Honeycutt-Andersen (HA) bond-type index analysis shows that Al 30 Co 10 alloy system begins to transform into a glass state with the temperature rapidly decreasing to 900 K. The process temperature is decreased from 900 K to 300 K, the radial distribution function g(r) the first peak height with increased, width as decreasing temperature, and the system is an amorphous alloy when second peak appears obvious splitting. The bond angle distribution function showed second peaks when the temperature dropped to 300 K, so that the alloy atoms become orderly. Meanwhile the 1551 bond pairs increase to 35% with decreasing temperature; it implies that the Al30Co10 alloy system can be well transformed into the glass state.
Introduction
With the long-range disorder and short-range characteristics of amorphous alloy, it is also called the metallic glass (MGs). The amorphous alloys are of great interest owing to their unique combination of high specific strength and ductility, good corrosion resistance and abrasive resistance, representing an intriguing class of potential structural materials [1] - [8] . Since the first synthesis of amorphous phase of Au-Si alloy by rapid solidification in 1960 [1] , active research on metallic glassy (MG) alloys has begun. Bulk MG alloys such as RE-Al-TM [2] (RE ¼ Sm, Y; TM ¼ Fe, Co, Cu), Cu-Zr-Ag [3] , Fe-B-Si-Nb, and Cu-Cr-Hf [4] have been obtained and well studied through conventional solidification method. Among the large number of MGs materials, bulk Albased MGs have received increasing interest owing to their unique combination of high specific strength, low elastic modulus, good corrosion resistance, as well as low density, representing a promising engineering materials [5] - [7] . For the Al-based metallic glasses they are provided with low density and low elastic modulus, but can use the national defense and industrial applications, which have broad social value and economic value. Since Inoue [2] [3] [5] found successful multi-component bulk amorphous Alloy, over the past decades, the researchers have been able to prepare Al-based bulk amorphous alloys in the laboratory, such as Al-Cu, Al-Zr, Al-Ni-Zr amorphous alloys etc. Meanwhile, Co-based amorphous alloy is equipped with low coercivity, high magnetic permeability, the temperature stability, the excellent zero magnetostriction coefficient and so on; it's playing a more and more important role in the electronics and communications industries, and its application prospect is broad [9] - [23] . Therefore, we performed molecular dynamics (MD) simulations to study the glass formation of the liquid Al 30 Co 10 . It is hoped that more data will be provided for experiment by the molecular dynamics simulations to create the high temperature, high pressure and other extreme conditions.
In this article, we selected the Al as the main backing material to study the glass formation process and associated structural evolution by MD simulations. A detailed analysis of local atomic structure has been done during the glass formation of the amorphous Al 30 Co 10 by various structural characterization methods, including pair distribution function [17] [18], bond-angle distribution function and Voronoi tessellation analysis [19] [20] . With these studies, we attempt to understand the factors controlling the formation of Al-based bulk metallic glasses (BMGs) by the viewpoint of the glass transition temperature (T g ) and micro-structures.
Simulation Methods
In this work, the MD simulation is carried out using the open code LAMMPS program [21] - [25] . The embedded atom method (EAM) is expressed as
where ij φ is the two-body central potential between atoms i and j within the separation distance r ij , and F(ρ i ) the embedding energy of atom with the electron density [23] - [25] . The present MD simulations have been carried out as an NPT isobaric-isothermal ensemble. The positions of atoms are calculated by the verlet algorithm. The time step was chosen to be 2 fs. the well-equilibrated initial system, including 4000 atoms distributed in a 10a × 10a × 10a lattice unit cubic box; which contains 3000 Al atoms and 1000 Co atoms, respectively. We gradually heat the system to 2200 K, and then let the system run 50,000 MD time steps (30 ps) at 2200 K to obtain a fully liquid state, and finally the liquid system was quenched to T = 300 K at the cooling rate of 5 × 10 12 K/s. During the simulation processes, system volume is automatically adjusted to correspond to the given temperature and zero pressure conditions.
Results and Discussions
As is known that the Liquid transform to crystalline state is a first order phase transformation; it is typical of the System volume will be sudden changes in the crystalline temperature. Figure 1 represents the variation of average volume of per atom as a function of temperature during the heating and cooling processes with the cooling rate of 5 × 10 12 K/s. As shown in Figure 1 , there is an obvious jump in the volume versus temperature curve (black curve) near the 900 K With the rapid decrease of temperature. in the cooling process, it is found that the liquid-crystal is not transform to amorphous state with temperature decreasing form 2300 K to 1000 K if the the system volume will not be Sudden changes; however, representing the typical character of a liquid-glass transition is the system volume Sudden changes at the temperature region near T g , one can yield a crossover at which the T g was determined to be 900 K. In other words, the system of Al 30 Co 10 liquid alloy will be transform to amorphous with the T g = 900K.
It is one of the most important function, revealing the structural characteristics of the system as Pair distribution function (PDF) analysis, most particularly for amorphous and liquids systems. The Pair distribution function (PDF) is defined by the probability of finding an atom in the spherical shell where particle i is taken as the center. Expressed in a formula, this law can be written as follows. 
where ρ(r) the number of atoms around a central atom within the distance interval between r and r + dr, which is atomic average statistical distribution. By simulating the PDF of the liquid Al, we found that the PDF of the liquid Al are good agreement with the experimental data (Ref. 84) as shown in Figure 2 ; and calculating data represented by curve line and the circles represented experimental data. In liquid system, atoms do as random motion, which cannot be described by the fixed coordinate; we compared the PDF for the liquid system with amorphous state, it is seen that the PDF are very similar in almost every way. However, the atom can be vibrate in a certain range in amorphous, which can be described by the fixed coordinate; the first peak of the PDF is relatively narrow and sharp; the second peak will be split into two peaks, which one peak is higher than the other peaks, which hump shaped is also one of the most important judgement of amorphous typical characteristics.
The PDF are shown in Figure 3 . We select six temperatures (2100, 1800, 1500, 1200, 900, 600, and 300 K) to illuminate the rapid solidification process of the Al 30 Co 10 liquid alloy. It can be seen that the first peak of PDF gets higher as the temperature decreases, which means that atomic ordering in the first coordination shell increases as the temperature decreases. The second and third broad peaks become more pronounced as the temperature decreases to 1200 K. Meanwhile the temperature decreases to 900 K, the second peak start to splits into a tiny peak at the right; and then the second peak splits into two obvious sub peaks when the temperature further decreases to 300 K. In summary, the system of Al 30 Co 10 liquid alloy were start to transform to amorphous at the temperature decreases to 900 K, which is accord to the upward analysis that the T g of the simulated system is 900 K.
In amorphous system, the local structure was more comprehensive described by bond-angle distribution functions. Every barber knows that if a system is dominated by icosahedral structures, there will be the two main peaks at 63.4 and 113.4 in bond-angle distribution functions for the cluster structures in the system; meanwhile, there will be obvious degrees of 60, 90 and 120 in bond-angle distribution functions, it is shows that the FCC or HCP system are dominate in the system. For Figure 4 , we can see that the seven curves the main angle angles distribute in the vicinity of 60 and 120, not 90 with decreasing temperature at the cooling rate of 5 × 10 12 K/s, the capacity of degrees in the vicinity of 60 and 120 has obvious increased with the decrease of temperature; it is obvious that the angle degrees tend to be about 63.4 and 113.4, which means that the dominated local structures are icosahedral structures in the amorphous Al-Co system.
Furthermore, we get more information about micro-structures of Al 30 Co 10 alloy, which is analyzed using the Honeycutt-Andersen (HA) bond-type index and give a detailed three-dimensional image of the local configurations in the cooling process. The HA bond-type index is able to give information about the number and properties of common nearest neighbors of each atom pair which can be used to characterize the local environment surrounding atomic pair under consideration. Each pair of atoms is classified by the relation among their neighbors with four indices of integer. The first integer indicates whether the considered atomic pair is closer than a specified cutoff distance, chosen to be the nearest-neighbor distance determined by the first valley in the pair correlation function. If the pair is bonded, the first integer is 1, or else, 2. The second integer is the commonneighbor number of the considered pair; the third represents the number of bonds among the common neighbors; the fourth is used to distinguish the atomic pair when the former three integers are not sufficient. While, the some pairs of 1551, 1541, 1431 types are shown because they represented local icosahedron and defect icosahedron, respectively. As shown in Figure 5 , it can be seen that the 1551, 1541, 1431 pairs have fraction of 5%, 8.5%, 13% at the temperature of 2100 K, respectively. For the 1551 pairs, the fraction increased from 5% to 27.5% with temperature rapidly decreasing from 2100 K to 300 K. The fraction of 1551 pairs, a modest figure, with the temperature of decreasing from 2100 K to 900 K; however, it was booming growth to 27.5% when the temperature of decreasing from 900 K to 300 K because the system have started to transform to amorphous at 900 K. The fraction of 1431 pair did not change much, while increasing from 13% to 15.7% in the whole temperature range; the fraction of 1541 pairs is 14.6% at 300 K.
Conclusion
We presented the results of an MD study of the glass transition for Al 30 Co 10 . The pair correlation function, bond-angle distribution functions and HA bond-type index at different temperatures are obtained by our simulation. The PDF illustrates that the shortage of medium structure orderings is enhanced with decreasing temperature. Meanwhile, when the temperature decreases to 900 K, the second peak starts to split into a tiny peak at the right, and then the second peak splits into two obvious sub peaks when the temperature further decreases to 300 K. In summary, the system of Al 30 Co 10 liquid alloy starts to transform into amorphous alloys when the temperature decreases to 900 K, which is according to the upward analysis that the T g of the simulated system is 900 K. The HA bond-type result shows that the local icosahedron and defect icosahedron are decreased in cooled alloy liquid during the rapid solidification processes, while the 1551 pairs, the fraction increases from 5% to 27.5% with temperature rapidly decreasing from 2100 K to 300 K.
